The spectrum of baryons with two heavy quarks is predicted, assuming a configuration of a light quark and a heavy diquark. The masses are computed within a semirelativistic quark model, using a potential obtained in the framework of the AdS/QCD correspondence. All the parameters defining the model are determined fitting the meson spectrum. The obtained mass of Ξcc is in agreement with the measurements.
The spectrum of baryons with two heavy quarks is predicted, assuming a configuration of a light quark and a heavy diquark. The masses are computed within a semirelativistic quark model, using a potential obtained in the framework of the AdS/QCD correspondence. All the parameters defining the model are determined fitting the meson spectrum. The obtained mass of Ξcc is in agreement with the measurements. Doubly heavy baryons, i.e. baryons made up of two constituent heavy quarks and a light quark, are predicted to exist by the quark model [1] . However, the only state observed so far is a candidate for Ξ cc reported by the SELEX Collaboration, which found a signal for the decay Ξ M Ξcc = 3518.9 ± 0.9 MeV .
Although at present no other experiment has observed such hadrons, it is possible that forthcoming analyses at LHC and Tevatron [4] and the future experiments like PANDA at GSI could be able to observe the production and decays of doubly heavy baryons. These particles deserve attention since, as pointed out in ref. [5] , the observation at LHCb of the decays of either Ξ cc to charmless final states or Ξ bb to bottomless final states would be a signal for new Physics, being these processes strongly suppressed in the Standard Model. In the quark model baryon spectroscopy has been discussed following two different approaches. One investigates the three-body problem of the bound state of three quarks. The other one is based on the hypothesis, introduced in [6] , that a diquark can form inside the baryon, thus reducing the description to a two-body problem of the bound state of a diquark and a quark (for a recent review see [7] ). This paper follows the second approach, supposing that a baryon can be treated analogously to aqq system made up of a diquark and a quark. This idea comes from the observation, in group theory, that two quarks can attract one another in the3 representation of SU (3) color , thus forming a diquark having the same color features as an antiquark. This suggests that the interaction between a quark and a diquark inside a baryon can be studied in analogous way as the one between a quark and an antiquark inside a meson. However, this does not imply that a baryon really has this structure: the issue is still debated and one can consider this idea as the starting point for the description of baryons. In particular, the system where such an idea should be properly applied is the one we are considering here, namely the baryon where two heavy quarks form a heavy diquark acting as a static color source for the third constituent light quark. In fact, one expects that the two heavy quarks are very close, in such a way that they are seen as a whole system by the light quark. Heavy particles are also the best objects to deal with in the model described in this paper, since it involves a static potential. The model was introduced in ref. [8, 9] to compute the spectrum of heavy mesons and it is based on a semirelativistic wave equation, the Salpeter equation, with a static potential, whose eigenvalues are the masses of the bound states.
In order to compute baryon masses in this approach, there are three steps to follow. The first step is to compute heavy diquark masses. A diquark is a bound state of two interacting quarks, and the energy of this pair is, in the one-gluon-exchange approximation, one half of the energy of a quark-antiquark pair V (r). Diquark masses can be computed solving the Salpeter equation (we consider the ℓ=0 case):
where m 1 and m 2 are the masses of the quarks, M d and ψ d (r) are the mass and the wave function of the diquark, respectively, and
In (3), V AdS/QCD (r) describes the color interaction between a quark and an antiquark, while the factor 1/2 in (2) accounts for the quark-quark interaction in the3. The expression for V AdS/QCD , apart from a constant term V 0 , has been obtained in a gauge/gravity framework in ref. [10] in a parametric form:
where r is the interquark distance and λ varies in the range: 0 ≤ λ < 2. The term V spin (r) accounts for the spin interaction, and is given by:
where σ is a parameter defining the smeared delta function while the parameter A gets two different values, A b in case of baryons comprising at least a beauty and A c otherwise. In the one-gluon-exchange approximation, the parameter A is proportional to the strong coupling constant α s , therefore an argument supporting the two values A c and A b is represented by the scales, O(m c ) and O(m b ), to which α s must be computed in the two cases. A cut-off at small distance is introduced to cure the singularity of the wave function; it consists in fixing the potential (3) at the value V (r M ) for r ≤ r M , with r M = 4Λπ 3M [11] , M being the mass of the diquark and Λ a parameter; Λ = 1 in case of m 1 = m 2 , as discussed in [12] .
Once the diquark masses have been obtained, one can use the Salpeter equation to study the interaction between a diquark and a quark, obtaining the baryon masses. As already stated, the energy of a quark-diquark pair is assumed to be the same as the one of a quark-antiquark pair: this suggests to adopt again the potential (3). However, diquarks are extended objects: therefore, to keep this into account we construct the potential using a convolution with the diquark wave function:
where ψ d is the wave function of the diquark and N is a normalization factor. The integral (6) runs from r = 0 to a radius r max which ensures that the diquark is on average inside the baryon's bag. The obtained potentialṼ (r) is in Fig. 1 , together with the quark-antiquark potential (3) (continuous line): the dashed line represents the potential obtained through the 1S wave function of the diquark {cc}, while the dotted line represents the potential obtained through the 2S wave function of the diquark {cc} ({cc} indicates a spin 1 diquark with two charm quarks). The figure shows that a similar potential is obtained for the interaction between a quark and a diquark, when the diquark is in the 1S or 2S state. The Salpeter equation for a baryon can be finally written in the following way:
where m q is the mass of the constituent quark, m d is the mass of the constituent diquark and M and ψ(r) are the mass and the wave function of the baryon, respectively. Again, we only consider the ℓ=0 case for the system quark-diquark. The Salpeter equations (2) and (7) can be solved through the Multhopp method [12] . The parameters of the model, as in ref. [9] , are: c =0. [13] .
The values obtained for diquark masses are shown in Table I for the 1S and 2S states. A diquark with spin 1 is denoted by {QQ}, while a diquark with spin 0 is denoted by [QQ] . Notice that a diquark with two identical quarks in3 can only have spin 1, as far as the ℓ = 0 case is considered, in order to make the wave function of the two quarks antisymmetric [14] . The masses of doubly heavy baryons are shown in Table II for baryons with a {cc} 1S diquark, in Table III for baryons with a {bb} 1S diquark, and in Table IV for baryons with a [bc] 1S or {bc} 1S diquark. The results are compared with recent models: ref. [15, 16, 17] describe baryons by a non-relativistic quark model based on a three-body problem; in ref. [4, 18] potential models based on the quark-diquark hypothesis are investigated, the first one relativistic and the second one non-relativistic; in ref. [19] doubly heavy baryon masses are computed in the framework of QCD sum rules; ref. [20, 21] deal with quenched lattice QCD, and finally ref. [22] is based on the bag model. In Fig. 2 the wave functions of the first three radial excitations of Ω cc and Ξ bb are shown. Since ℓ = 0, all the states have positive parity.
TABLE II: Masses (GeV) of baryons composed by a diquark in the lowest mass configuration {cc}1S and a light quark (q or s). In the case of ref. [20] , the first and the second results are obtained using β = 2.1 and β = 2.3, respectively. A few remarks are in order. First, the value found in this paper for the mass of Ξ cc is in agreement with the experimental value found by SELEX Collaboration (1), taking into account the uncertainties in the quark masses and those related to our description of the baryon. In fact, the difference between the experimental and the theoretical value of the mass is of the same order than the differences found for meson masses in [9] . baryons composed by a diquark {bb}1S and a light quark (q or s) . The only remarkable difference between our results and the others shown in the tables concerns the radial excitations, since the masses evaluated within this paper are higher than the ones found in ref. [15] , which could be due to the different value of the string tension: however, the parameters in our approach are fixed by a best fit of meson masses, including radial resonances of J/ψ and Υ.
In [16] it was argued that the first excited state of a baryon comprising a quark and a heavy diquark is the one with the diquark in an excited state, namely the 2S state: this level could be lower than the one corresponding to the 2S radial excitation of the whole baryon. The masses of baryons with the diquark in the 2S state computed in our approach are shown in Table V , together with the results of other models. The masses we have obtained are comparable with the values found within the other models. Concerning baryons in Table IV , these excited levels are not reported because the excited states of diquarks {bc} and [bc] are not stable due to the emission of soft gluons [4] .
It is interesting to analyze the results using the language of HQET. Analogously to the 1/m Q expansion of the mass of a baryon comprising a single heavy quark [24] , one can attempt to write an expansion with respect to the inverse of the heavy diquark mass for a baryon made up of a heavy diquark and a light quark:
where m {QQ} is the mass of the diquark and d H is d H = S {QQ} · S q . The mass splitting between J P = 3/2 + and J P = 1/2 + baryons turns out to be, for example in case of Ξ QQ : From Eq. (9), the ratio between the mass splitting of Ξ bb and Ξ cc and between the difference of the mass squared:
relations well verified, both for Ξ QQ and for Ω QQ baryons, as one can appreciate considering the results in Table II and III. Moreover, a mass splitting hierarchy is obtained:
As a final result, we collect in Table VI the masses of baryons with three heavy quarks. However, we point out that such last predictions, obtained substituting the third quark with a heavy one, have to be considered with caution, since, although the presence of heavy interacting particles is a preferable condition for the application of the static potential (3), the hypothesis of a quark-diquark configuration becomes less reliable when the average distances between each pair of quarks are comparable.
Baryons with two and three heavy quarks complete the set of states predicted by the quark model for ordinary hadrons. Only one state, the lightest one Ξ cc , has been observed so far, but the existence of the other baryons could be proved by forthcoming experiments. Models can be constructed to predict their masses: the model described in this paper uses the scheme of a quark-diquark configuration for doubly heavy baryons and is completely defined by fitting the meson spectrum. The obtained values are in agreement with the only known experimental result.
